Abstract: Piezoreflectance characterization has been applied for GaAs/AlAs multiple quantum wells. The room-temperature spectra have revealed sharp reflectance features due to interband transitions in the quantum wells, as well as in the AlAs barrier. The spectral features are described in terms of the strcin-induced Fnterb?.qd energy shifts.
Introduction
The subband states in quantum wells ((2%) are the key features for quantum well devices.
Among various spectroscopic techniques, modulated optical reflectance methods, such as electroreflectance [ I ] and photoreflectance [ 2 , 3 1 have been proven to be sensitive room-temperature probes of interband transitions in QWs. Recently, piezoreflectance method has been applied to characterize G~A S I A~G~A S QWs at low temperatures [ 4 1 , demonstrating higher resolution than photoreflectance.
Piezoreflectance is a form of modulation spectroscopy in which the reflectivity of a sample is periodically modulated by the application of oscillating stress [ 5 1 .
In this study, the piezoreflectance spectra of GaAs/~lAs multiple quantum wells (MQW) have been measured at room temperature. The piezoreflectance spectra have revealed sharp features due the interhand transitions in the MQW. The spectral features are compared with a square-well calculation, and discussed in terms of stressinduced interband energy shifts for the subbands. 
Experimental

LOCX-IN AMPLIFIER
The samples used in the experiment were made by molecular beam epitaxy (MBE). The MQW structures t pically consisted of 20 periods of undoped d a~s / A l~s (-110 1,300 l) layers grown on n-type GaAs substrates. For the piezoreflectance measurements, the MQV samples (thickness -4 0 p m ) were mounted upon a lead-zirconate-titanate (PZT) piezoelectric transducer as shown in Fig. 1 .
The samples were periodically strained (-10-4 rms) by driving the transducer with an ac voltage of 1 -2 kV (p-p) at the frequency of 270 Hz. Figure 2 shows the experimental setup for the piezoreflectance measurement. The reflected light was detected by a photomultiplier , which restricted the spectral range of the measurement to 400-1 000 nm. The modulated component of the output was amplified by a lock-in amplifier. The magnitude of the modulated reflectance, AR, thus recorded was in the range-10-3 of the unmodulated reflectance, R. Figure 3 shows the modulated and' unmodulated piezoreflectance spectra, A R and R, respectively, at room temperature in the wavelength range 600-1000 nm. In the modulated reflectance curve, A R, a sharp structure near 850 nm is very evident. Although the entire reflectance spectra are dominated by a reflectivity oscillation due to interference of light in the epitaxial layers, some additional structures at shorter wavelength region are discernable. The corresponding unmodulated reflectance curve, R, showed no particular features except the periodic oscillation due to interference.
Results and discussion
REF
In order to identify the spectral features, a finite square well calculation for the subband structure has been performed, using me=0.067mo, mhh=0.34mo, and mlh=0.094mo for the electron (e), heavy hole (hh) and light hole (lh) effective masses, respectively, and AEc=0.6AEg for the conduction band offset [61. The calculated position for the allowed (An=O) interband transitions are indicated in Fig. 3 . It is known that the strongest feature at 850 nm comes from the interband transitions from the n=l heavy and light hole states to the electron states (le-hh and le-lh). Other spectral features can also be related to the n22 transitions (2e-hh, etc.). A broad but strong feature is clear at the longer wavelength side of the n=l transitions. This feature is also seen in hulk GaAs, and can he attributed to the top GaAs layer. Figure 4 shows similar traces as in Fig. 3 for the wavelength range 349-500 nm. A structure is noticeable near 410 nm, which wavelength corresponds to the direct interband transition (f8,-rrSC) for the AlAs barrier layer.
The relative modulated reflectance AR/R is related to the applied biaxial strain A e near the fundamental absorption edge by where the coefficient a is a slowly varying function of the real and imaginary part of the complex dielectric function, El+iE2, Ei is the interband energy at the critical point [ 6 1 . Thus, the spectral line shape mainly comes from dEl/d~i. For the QV transition, as the excitonic nature is dominant, the spectral dependence of dEl/dEi is derived from a Lorenzian-like complex dielectric function, giving a sharp dip that is symmetrical around ?iw=Ei. T3.e strain-induced interband energy shift, dEi/de, and the magnitude of the appiied strain, d e , determine the sign and the magnitude of the modulated reflectance. The strain-induced energy shifts for the heavy and light hole states has been described as [ 7 j where CII. and C12 are the elastic stiffness, a and b are the hydrostatic and shear deformation potentials, respectively. Using Cl , = I .20x1 o1 dyn/cm2, Cl2=0.56~10~ dyn/cm2, a=-8.7 eV and b=-1 .7 eV [81, it is obtained that d~(hh)/de=12.6 eV and dE(lh)/de=6.1 eV. Combining with the similar shift in the electron state, it is known that the strain-induced interband energy shifts for the le-hh and le-lh transitions have the same sign, giving the sharp double dips for the le-hh and le-lh spectra, that is consistent with the present data.
Conclusion
Piezoreflectance characterization of GaAs/AlAs !IQns has been reported. The room-temperature spectra have revealed reflectance features due to the interband transitions in the quantum wells including higher order states. The direct interband transition in the AlAs barrier has also been detected. The spectral features can he described in terms of the spectral dependence of €1 near the interband energy, and the strain-induced interhand energy shifts, which have the same sign for the light and heavy hole states.
